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Laser crystallization of GeTe film 
To obtain crystalline GeTe samples from the as-deposited amorphous films, two different 
methods have been explored: i) static thermal annealing, and ii) femtosecond laser annealing. For 
the static annealing, a tube furnace at relatively low vacuum has been used with a temperature of 
350 °C for 10 min, as described in details in the methods section of the main text. For the laser 
annealing, crystallization was reached under 120 fs infrared (800 nm) pulses at 1 KHz repetition 
rate and fluence of 6.7 mJ/cm2 for 2 hours. The diffraction patterns obtained in the two cases, 
shown in Fig. S1, exhibit similar features and are representative of the rhombohedral α phase, 
attesting to the relevance of local distortions of the cubic symmetry in all laser-based 
technological applications. It is also important to mention that the time dependence of the peak 
intensity change observed for the GeTe samples made by static annealing, shown in Fig. 5c in 
the main text, were also observed in the case of laser-annealed films. 
 
Fig. S1. Diffraction patterns obtained by femtosecond laser annealing (blue line) and static 
thermal annealing (black line). The two indexed peaks correspond to (003) and (011 ) reflections 
in the rhombohedral phase, which can be transformed into (111) and (111) peaks in cubic system. 
In perfect cubic symmetry the two peaks would have the same scattering vector; the clear 
observation of a splitting in the reciprocal space between them is consistent with the existence of 
local lattice distortions associated with the rhombohedral structure. 
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 Rate equations model 
In crystalline GeTe the α-to-β transition is mediated by the instability caused by both the 
electronic and structural states.1 Two coupled sub-systems are involved, one that relates to the 
electronic change of the interatomic potential and the other which is driven by the deformation of 
the unit cell. 
The mechanism behind the transformation from a rhombohedral to a cubic phase has already 
been described in the main text. Briefly, when the photo-excited carrier density reaches a 
threshold value, a movement of Te atoms takes place and changes the interatomic potential from 
a double to a single well. This is a displacive excitation and occurs in a sub-picosecond time 
scale.2-4 A shear structural deformation of the unit cell is necessary to complete the transition, 
whose time scale is determined by the excitation of acoustic phonons via anharmonic decay of 
optical phonons; at room temperature it occurs in 12 ps.5  
These changes are expressed in the following rate equations model: 
 
Fig. S2. Kinetic processes involved in the phase change of crystalline GeTe. fk and bk  are, 
respectively, the rate constants for 'α α→ and 'α α→  transitions, which are defined by the 
displacement of Te atoms; 2k  is the rate constant for the 'α β  transition mediated by the 
shear distortion; and thk  is the rate constant for reaching the thermal equilibrium.  
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The kinetics of the transition can be described as shown in Fig. S2, assuming a reversible 
and sequential transformation from α to β. Here α' indicates the structural state of the lattice 
following the Te atom movement to the center, but prior to the shear deformation (see also Fig. 2 
in the main text). The rate equations can be written as: 
 ' 2 ' 2 'f b
dP k P k P k P k P
dt
α
α β α α= + − −   for the α' phase (S1) 
 2 ' 2
dP
k P k P
dt
β
α β= −     for the β phase (S2) 
where P is the transition probability; the subscripts ‘α’, ‘α'’ and ‘β’ represent the three structural 
states; fk and bk  are the carrier density-dependent rate constants for 'α α→ and 'α α→  
transitions, respectively; and 2k  is the rate constant for the 'α β  transition, which depends on 
the excitation of acoustic phonons.  
Since the formation of the α'-phase is mediated by the coupling between electrons and 
optical phonons, it typically occurs on a sub-picosecond time scale.3 This means that fk  and bk  
are much larger than 2k . From equation S1, we thus obtain that 'Pα  exhibits a step-like behavior 
as a function of the excited carrier density, eN , which is consistent with the picture where the 
phase transition is triggered only when eN  reaches a threshold value. Within this context, the 
transition probability Pβ  can be then calculated using the equation S2. The change of the 
rhombohedral angle is taken to vary linearly with Pβ . 
The dynamics of the photo-excited carriers is given by: 
 3e elaser e
t
dN NQ CN
dt t
= − −  (S3) 
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where tt  is the time constant of carrier trapping by defects, 
3
eCN  describes the carrier 
recombination by Auger processes,6 and laser laserQ S hν=  is the density of absorbed photons. 
Here, the photon energy hv is 1.55 eV, and ( )
2
0.94 1 exp 2.77laserlaser laser
p p
F t zS R
t tδ δ
  
 = − − −  ⋅    
 
represents the laser source, where laserF  is the incident fluence, pt  the pulse duration, laserR  the 
reflectivity, and δ  the penetration depth (1/e). Because of the low electron mobility,7 the charge 
carrier diffusion has been neglected. For α-GeTe, laserR = 0.4858 and δ  = 14 nm at the 
wavelength of 800 nm, as derived from the measured dielectric function given in Ref. 8. No 
experimental or theoretical values for tt  and C  are reported in the literature, and thus they have 
been adjusted to reach the best matching between experiments and simulations.   
Because the penetration depth for the excitation pulse at 800 nm in α-GeTe is 14 nm (1/e), 
smaller than the film thickness, we expect that only within the top few nanometers of the film the 
excited carrier density will reach the threshold value to drive the transition toward the β phase, 
see Fig. S3. Following the excitation, heat transfer will take place within the sample thickness 
reaching the thermal equilibrium in hundreds of picoseconds. 
 
Fig. S3. Schematic representation of the excitation process in a GeTe nano-film. The transition 
to the β phase takes place only within the top region. A thermal equilibrium occurs with a rate 
constant thk , given by the heat diffusion within the sample thickness. 
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Modified two-temperature model 
The energy transfer toward the lattice following the ultrafast optical excitation can be described 
within the framework of the two-temperature model (TTM),9 in which the electron and lattice 
subsystems are assumed to reach a local equilibrium and that their energy state is defined by the 
temperatures ( ),eT z t  and ( ),lT z t , respectively. Because GeTe has two atoms per unit cell in the 
rhombohedral α-phase, an intermediate process involving the excitation and decay of optical 
phonons occurs during the energy transfer from electrons to acoustic phonons. However, this 
process will not affect the temperature distribution in the final state and, for the purposes of the 
current analysis, can be neglected. However, the redistribution of the energy accumulated within 
the β-phase toward the thermal bath has to be explicitly taken into account (see Fig. S2). This is 
obtained by including the rate of the transition probability for the β phase, dP dtβ , within the 
equations describing the TTM, which can be written as: 
 ( ) ( )l el l l e l abs
e
dPT CC K T T T F
t dt
β
t
∂
= ∇ ⋅ ∇ + − + ⋅
∂
 (S4) 
 ( ) ( )e ee e e e l laser abs
e
dPT CC K T T T S F
t dt
β
t
∂
= ∇ ⋅ ∇ − − + − ⋅
∂
 (S5) 
where eC  and lC  are the heat capacities of the electron and lattice subsystems, respectively; eK  
and lK  are the thermal conductivity of the two subsystems; 10et =  ps, the coupling time 
between electrons and lattice and is estimated from the anharmonic decay constant of the optical 
phonons;5 and ( )1abs laser laserF F R δ= ⋅ −  is the absorbed fluence. For GeTe, 
6 2(1.49 10 3.88 10 )l lC T= × + × ⋅  
3/ ( )J m K⋅ , (85.4 )e eC T= ⋅  
3/ ( )J m K⋅ , 4.184lK =  
/ ( )W m K⋅ , and 1.3eK = / ( )W m K⋅ , as derived from Ref. 10 and 11. 
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The simulations reproduce all major features of the experimental data and their dependence 
on the delay time and excitation fluence. As for the estimation of the temperature, it is worth 
mentioning that the possible effect of the latent heat associated with the phase transition, and the 
contribution of the radiative recombination of the charge carriers have not been considered, and 
because of this the temperatures calculated within the TTM model described above over-
estimates the real values, as also observed in recent time-resolved x-ray diffraction studies.12 
Nevertheless, a correct estimation of the lattice temperature can be reliably obtained from the 
intensity and peak-position data at long delay time (~ 400 ps), as shown in the main text in Figs. 
3b and 3d. 
     
Transient change of diffraction intensity and peak position 
The intensity of the ( hkl ) Bragg reflection, hklI , is proportional to the square modulus of the 
structure factor, ( ) ( )exp 2hkl j j
j
F f i hklp = − ⋅ ∑r r , where jr  is the position of the jth atom and 
( hkl ) is the scattering vector. The intensity change associated with the α-to-β transition can be 
calculated as a linear combination of the square modulus of the structure factors for the two 
phases, ( )F αr  and ( )F βr , where the weights are given by the probabilities Pβ  and 
( )1P Pα β= − : 
 ( )( ) ( )
( )
( )
2
21 , ,nth
FI P z t P z t
I F
β
β β
α
α
∝ − + ⋅
r
r
 (S6) 
Here, αr  and βr  are the positions of the Ge atoms in the α and β phases, respectively (see Fig. 2 
in the main text); the Te atoms are considered to occupy the cubic lattice sites.13  
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In Fig. S4, we present the results of the simulations for the observed Bragg reflections. The 
increase of the intensity for the (220) peak is consistent with the ‘allowed’ nature of this 
reflection in the cubic β-phase, whereas the decrease for the (111) and (113) peaks well 
correlates with their ‘quasi-forbidden’ character in a cubic structure. The recovery toward the 
equilibrium condition, i.e. the initial α-phase, is mediated by nonradiative carrier recombination 
occurring in hundreds of ps in GeTe, and it is the origin of system relaxation toward its initial 
equilibrium state. 
 
Fig. S4. Simulated temporal change of the structure factors for three observed Bragg reflections 
associated with the α-to-β transition. Thermal effects are not included in this figure, but 
considered in the text. 
 
Besides the structural change induced by the phase transition, the intensity is also affected 
by the thermal heating of the lattice, which is described by the Debye-Waller effect. The total 
intensity change is thus expressed as: 
 
( ) ( )2 202
0
exp 2
4
ltotal nth
u T u TI I s
I Iα
  −
 =  
    
 (S7) 
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where ( )2u T  is the atomic mean-square displacement, calculated using the approach presented 
in Ref. 14: 
 ( ) ( )
22
2
0
3 1 4
2 exp 1
D T
b D D
T xu T dx
mk x
θ
θ θ
  
= +   −   
∫
  (S8) 
Here, m  is the average mass within a GeTe basis, bk  is the Boltzmann constant, and Dθ = 180 K 
is the Debye temperature for α-GeTe.15 Since the experiments are performed in the transmission 
geometry, the observed dynamics is determined by the averaged contribution along the direction 
of electron beam. Therefore, a direct comparison with the experimental results can be done only 
by averaging the calculated intensity change 0totalI I over the whole sample thickness. 
The position change of the diffraction peaks is due to the combined effect of the shear 
deformation of the unit cell and the thermal expansion. The variation of the scattering vector, s, 
can thus be expressed as: 
 ( ) ( )( )00 ths s P t T tβ ε α∆ = ⋅ ⋅ + ⋅∆  (S9) 
where thα =1.9×10
-5 K-1 is the linear thermal expansion coefficient,16 and 0ε  is the uniaxial 
shear strain necessary to increase the rhombohedral angle from 57.94° to 60°, assuming a rigid 
angle change and no variation of the bond length within the unit cell. In equation S9, T∆  
represents the temperature rise due to laser heating and is given by a single-exponential increase 
with a time constant given by 21 th thk l Dt= =  ( l  is the film thickness, ( )l lD K Cρ= ⋅  is the 
heat diffusion coefficient, and ρ is the mass density), and a total temperature jump as 
experimentally derived from the slow component of the intensity change (see Fig. 3b in the main 
text). The calculated change for the (220) peak is shown in Fig. 5b of the main text. 
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Anisotropic shear strain 
As described in the main text, the completion of the α-to-β transition corresponds to the increase 
of the rhombohedral angle, φ, from 57.94° to 60°. As mentioned above, the shear motion 
responsible for the angle change can be decomposed along the [111] and [00 1 ] directions. From 
the measured change of the peak-position for the (220), (111) and (113) reflections, we 
determined the lattice strains,  𝜀𝜀(220) = (Δ𝑠𝑠 𝑠𝑠⁄ )(220) , 𝜀𝜀(111) = (Δ𝑠𝑠 𝑠𝑠⁄ )(111) , and 𝜀𝜀(113) =(Δ𝑠𝑠 𝑠𝑠⁄ )(113), along the corresponding directions. At each fluence, the strain components, ( )111sε  
and ( )001
sε  along the [111] and [00 1 ] directions, can be obtained by projecting the measured 
deformations, 𝜀𝜀(220), 𝜀𝜀(111), and 𝜀𝜀(113) along those directions. In Fig. S5a, we plot the obtained 
fluence dependence. The observation of larger values for ( )001
sε  than those obtained for ( )111
sε  is 
consistent with an increase of the rhombohedral angle toward the cubic symmetry. 
With simple geometric considerations, it is also straightforward to calculate the value of 
( )
0
111ε  and ( )
0
001ε  to reach the condition φ = 60°, with a simultaneous isotropic contraction of 0.28 % 
of the bond length.1 These are 0.6×10-2 and 1.2×10-2, respectively. As discussed above, 
considering that the penetration depth for the excitation pulse at 800 nm in α-GeTe is 14 nm (1/e), 
smaller than the film thickness, only the top few nanometers of the film have excited carrier 
density that will reach the threshold value necessary to trigger the transition to the β phase. Using 
the kinetic model described above, we determine that only a percentage Pβ  of the unit cells are 
transformed. The effective strains can thus be obtained: 0( ) ( )
s
hkl hkl Pβε ε= ⋅ , which are shown in Fig. 
S5b as a function of the fluence. The results are in good agreement with the experimental 
observations displayed in Fig. S5a (see text). 
10 
 
  
Fig. S5. Experimental (a) and calculated (b) lattice strains along the [111] and [00 1 ] directions, 
induced by the shear motion (increase of rhombohedral angle) and isotropic bond length 
contraction within the GeTe unit cell. Shown is the behavior as a function of the fluence. 
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